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ver the last century, the progressive improvement in
cataract surgery has evolved the operation beyond the
mere replacement of the clouded crystalline lens. There
is an expectation by both practitioner and patient that emmetropia will be achieved post-operatively. Despite the common
practice to correct residual refractive error during cataract
surgery, there are challenges in predicting the post-operative
outcomes and correction required. The main source of variability arises from the surgically induced corneal shape change that
results in surgical induced astigmatism (SIA).
It is generally accepted that the incision causes a flattening
effect along the orientation in which it is applied. If the incision
is placed oblique to the steepest corneal meridian then there is
a subsequent torsional effect on the pre-existing astigmatism.
These curvature changes result in significant alterations to the
magnitude and orientation of the principal meridians post-surgically.1-3 The impact of such changes is amplified in individuals
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with lower levels of astigmatism. As surgeons aim to correct
ever-lower levels of astigmatism the influence of SIA is becoming more significant.
Accurate assessment of SIA has been a key component in the
improvement of the surgical technique. Incision characteristics
such as, size and location can alter magnitude and orientation of the SIA. It is well established that the magnitude of SIA
assessed after surgery can be reduced by decreasing the size of
the incision,4-7 using a temporal location rather than a superior
location8-12 and using suture-less incision, at the cornea.13-15
However, recent work has disputed the effect of wound size
on SIA for incision <3mm in size.4,16-20 In the papers that found
statistical significance, the difference reported would not be
considered clinically significant.
If the size and orientation of SIA is predictable, pre-surgical
consideration of these clinical variables will allow the surgeon to plan a more accurate correction of the pre-existing
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corneal astigmatism by one of two main options. Firstly, in
low levels of astigmatism (<1.00DC), the choice of incision
size and location could be used to reduce pre-existing low
levels of astigmatism, or at the very least, avoid increasing
it. Secondly, in higher levels of astigmatism (>1.00DC) when
implanting toric IOLs, the surgeon can attempt to correct the
full post-operative astigmatism. This latter approach has led
to the development of the wide range of commercially available toric IOL calculators.
There are two main difficulties with assessing corneal astigmatism change. The first is that there are two components
– the magnitude and the axis (orientation) of the astigmatism.
In addition to this, the axis data is circular in nature but runs
from 0 – 180. Therefore, assessment of the data cannot be carried out with standard mathematic conventions. In order to
avoid these difficulties, the most common solution is to combine the data, using vectors to describe the induced astigmatic
change. This method is widely known as the surgically induced
refractive change (SIRC) formula1 and has been commonly
used for calculating SIA. The analysis in SIRC is based upon
assessment of corneal change in the form of vector magnitude
differences. Despite its popularity, the formula is an over-simplification of post-operative SIA changes as it disregards axis.
Applying trigonometry, Jaffe and Clayman21 and later Holladay
et al1 developed a series of equations that could calculate both
the magnitude and the orientation of SIA.21-24 Despite their
popularity, these formulae still provide a global generalisation
of post-operative SIA changes.
The polar method is an alternative method of analysis that
describes the shape change across two perpendicular directions and hence summarise the flattening and the torsional
effect of an incision.22,25 A more recent trend for analysis
and displaying SIA results has been to utilise a double angle
polar plot to describe the magnitude and axis of the corneal
change.26

Principals of SIA calculations
Vector Calculation of SIA
All results are converted into rectangular Fourier form of
mean spherical equivalent (MSE) and Jackson Cross-Cyl vectors
representing the cylindrical power and axis as a combined vector for analysis (Figure 1a).27,28
Polar Calculation of SIA
This method calculates the change in power along a specific reference orientation. Polar analysis describes the power
change both parallel and perpendicular to this orientation.22
Hence using this method, you can examine the flattening
effect along the incision meridian and any resultant torsion
(Figure 1b).
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Figure 1: Example of three models of SIA calculations: a. Vector
calculation. b is Polar method. c. Double angle polar plot with
the centroid and standard deviation marked

Double Polar Plots and Centroid of Astigmatism
A double Polar plot can be used to illustrate the differences
between the pre and post-operative corneal astigmatic powers.
The mean difference can be assessed by examining the centroids of each of these plots (Figure 1c).26
Sources of Error
The accurate prediction of SIA is of significant clinical value
and there is still much research that is required to address the
fundamental assumptions in current SIA calculation. The following section discusses the potential sources of error that are
often overlooked.
Corneal Stability
At present there is significant ambiguity concerning the time
taken for stabilisation of the corneal shape following surgery.
It has been reported to stabilise after just 2 weeks,29 however
some reports indicate change in the SIA up to a year later.30,31
Nevertheless, it is important to realise that the corneal shape
will continue to change with time and age irrespective of
surgery. The steepest corneal meridian can rotate from a vertical position (with the rule) towards a horizontal orientation
(against the rule)32 and as such the surgeon may be chasing a
moving target, confusing the matter further.
Accuracy of Keratometry
It is commonly assumed that the keratometry readings
upon which SIA is calculated are free from error. Yet, most
keratometry validation papers report a small level of error in
the repeatability of readings especially when describing astigmatism, which are significant when compared to the low levels
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TABLE 1: REPORTED SIA VALUES FOLLOWING 3MM CLEAR CORNEAL SURGICAL INCISIONS.
Author

Eyes

N

Location

Average SIA (D)

Follow Up

Yu et al (2016)

50

50

Temporal

~0.82

2 months

Febbraro et al (2015)

122

61

Superior

0.38

1 month

Luo et al (2012)

120

120

Temporal

0.65

3 months

Yoon et al (2012)

60

30

Nasal

0.62

3 months

Yoon et al (2012)

60

30

Temporal

0.53

3 months

Musanovic et al 2012

60

30

(Not stated)

0.85

1 month

Masket et al 2009

44

22

(Not stated)

0.35

6 weeks

of SIA reported in modern surgeries.33-36 Mean test-to-test variability of instruments has been reported as 0.20 - 0.46D.37,38
Such variation will no doubt affect the accuracy of the calculated SIA. This may contribute to the conflicting reports on SIA
with sub-3mm incisions discussed earlier.

Standard values for SIA
Surgically induced astigmatism is widely reported on and the
general trends and influences of the incision type and size are
well established. However, there is poor agreement on the specific resultant value induced by specific incision size (e.g. 3mm,
see Table 1). Multiple other factors, such as location, surgical
technique and delivery system of the lens may all have a significant influence. Using an assumed SIA without calculating it
for the specific surgeon will add to the errors in the predictive
calculations.
Assessing astigmatic axis
Due to the circular nature of the astigmatic axis, the data is
difficult to interpret and assess. This has led to the axis being
overlooked or confused in the vector calculations used to
determine SIA. Furthermore, SIA is often expressed as a single
value; by oversimplifying the data in this manner, much of the
information regarding corneal change is lost. It is generally
assumed that the vector change in SIA is equal for both an
off-axis and on-axis incision: the SIA with an off-axis incision is
assumed to translate to torsion rather than simple magnitude
reduction. The effect of orientation is further complicated
by the observation that incisions placed “with the rule” have
a larger flattening effect when compared to those placed
“against the rule”.
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Biomechanics
Corneal biomechanical properties vary across the population.39-41 There is a negative correlation between pre-surgical
hysteresis and SIA, with high corneal hysteresis associated with
lower SIA.42 Studies have shown corneal hysteresis can significantly change following surgery, with high corneal hysteresis
associated with lower SIA. These changes have been noted to
recover with time, although the recovery time varies with incision type, location and size.43-45 This will in turn affect the SIA
reading, depending upon the time after surgery the cornea was
assessed.
The Calculations
One of the fundamental assumptions upon which all SIA calculations are based, is the fact that the resultant optical power
produced by the interaction of the cornea and an incision is
similar to that of a thin optical lens system. This is contrary to
the reality of the biological and dynamic nature of the corneal
tissue.
Although there has been extensive research in the dioptric power change that occurs to the cornea post-surgically,3,8,22,26,46,47 to date no studies have examined the predictability and consistency of the corneal axis changes. Toric
calculators utilising SIA values predict that the steepest corneal
meridian will move away from incision site. However, unpublished work from our team found that when 144 corneas (n =
144) were examined pre-and post- cataract surgery, an equal
amount moved towards the incision, not away from the incision.38
If we acknowledge the many sources of error, we can work
to minimise their influence on SIA and it’s use in the future.
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There are a few simple considerations that could be used to
improve the accuracy and reduce the influence of some errors.

Hints and Tips
1. Keratometry readings
By repeating readings, quantifying the repeatability error and
paying closer attention to the axis in relation to head and eye
position can improve the accuracy of keratometry. Using the
average of multiple readings and even instruments will help to
increase the accuracy, compared to a single reading. Also, if the
instrument error is quantified, the SIA readings can be adjusted
to create a more accurate assessment of actual change. The
influence of axis error can be greater than that of magnitude
in the vector calculations and hence, careful head positioning
and eye tracking will help to minimise the chance of rotation
between readings.
2. Assessing axis position
The spread of the data should be assessed when calculating
average SIAs, paying particular attention to the axis changes
and direction changes. This will give a better understanding of
the influence of the incisions. Looking at an average magnitude
alone will offer limited information. In the future better understanding of biomechanics will help produce better predictors
of corneal shape change and healing.
3. When using a Toric IOLs place your incisions “on-axis”
Toric IOL calculators use simple vector analysis to determine
the location of the post-operative steepest meridian. These
calculators will always predict that the post-operative steepest meridian position moves away from the incision location
(when the incision is placed off-axis). However, the torsional
effects of incisions are not this predictable and hence this
method of analysis can lead to the misalignment of toric IOLs.
Therefore, where possible a clear corneal incision should be
placed along the steepest meridian (“on axis”) so that the
oblique calculation is not required. n
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